ABSTRACT. Microtubule-associated proteins (MAPs) promote the assembly of microtubules from purified tubulin in vitro. In order to establish a model system for the investigation of the role of MAPs in microtubule assembly in vivo, wehave generated Saccharomyces cerevisiae strains that permit the modulation of the expression levels of MHP1(MAP-HomologousProtein 1) and of the a and /^tubulin genes. Simultaneous overexpression of a and /$ tubulin results in the accumulation of long aberrant microtubules in interphase, a similar phenotype as was observed in cells overexpressing MHP1. Wedemonstrate that overexpression of MHP1 in asynchronously growing yeast cultures leads to cell cycle arrest in G2. In cells that overexpress MHP1and the tubulin genes, a suppression of both the MHP1 and the tubulin overexpression phenotypes can be observed. Progressive induction of a and fi tubulin overexpression and constitutive overexpression of MHP1lead to the formation of long cytoplasmic microtubules more frequently than observed in cells overproducing tubulin or Mhplp individually and the increased microtubule polymerization could be correlated with the increase of a and fi tubulin expression. However, the overexpression of MHP1did not alter the phenotypes of individual overexpression of a or^-tubulin. These data indicate that Mhplp not only stabilizes microtubules but promotes microtubule assembly in vivo, and suggest that the role of other mammalianMAPsin the promotion of microtubule assembly could be tested in this yeast system. MTdynamics also depend on the total tubulin concentration in the cell. The correlation of total tubulin concentration and MTformation has been studied in vivo in the yeast Saccharomyces cerevisiae that possesses only one essential a and one /3-tubulin gene (6, 32). The critical concentration for yeast tubulin polymerization is significantly lower than that for brain tubulin, and the dynamic properties of MTsin Saccharomycescerevisiae reflect the particular requirements of the yeast cell (9). Consequently, the yeast cell is sensitive to the tubulin gene dosage and excess tubulin is lethal to the cell (7, 17) . While the individual overexpression of /5-tubulin is toxic to the cells, the overexpression of a-tubulin has * To whomcorrespondence should be addressed. Here we report that the overexpression of MHP1results in cell cycle arrest during G2 and inhibition of the formation of mitotic MTs, presumably due to the hyperstabilization of interphase MTs. We have also studied MHP1 overexpression in cells that simultaneously overexpress both a and /3-tubulin or either a and /3-tubulin individually, and we demonstrate that Mhplp not only stabilizes preformed MTs but promotes the formation of excess MTfibers under conditions of elevated tubulin expression.
Microtubules (MTs) in vivo are highly dynamic polymers and their turnover appears to be regulated during the cell cycle. MTdynamics are characterized by distinct parameters governing growth and shrinking in higher eucaryotes. In vivo these rates determine the fraction of tubulin present as polymer or dimer. There is growing evidence that MT-associated proteins (MAPs) play a key role in the regulation of the rate of MTturnover during the cell cycle by influencing growth rate, catastrophe rate, and rescue frequency (22) .
Functional studies on the regulation of MTdynamics in vitro have been carried out with neural MAPs (10, 20, 28) and ubiquitously expressed MAP4type proteins (25) . The addition of MAPsproduces a net increase in polymer formation, mainly by decreasing the turnover rate, suppressing catastrophes, and increasing rescues (8, 13) . As a result the stabilization of MTscan be observed. The phosphorylation of MAPsleads to reduced binding to MTsand, as a consequence, to a reduction of the MT stabilizing activity of MAPs. Therefore the phosphorylation of MAPscan be considered as a mechanism for the modulation of polymer turnover.
In vivo and in vitro studies on the specific role of MAPsin MTassembly have yielded mixed results. Transfection of MAP2and tau into fibroblasts resulted in increased MTstability and assembly (ll, 21) , but overexpression of MAP4,205K MAP,and tau in CHOcells led to the formation of MTbundles but not to an increase of MTassembly (4) . The injection of monoclonal antibodies against the HeLa MAP4led to cell cycle arrest during mitosis (16) , however, the injection of polyclonal antibodies against the MTbinding domain of MAP4produced no observable phenotype (23) .
MTdynamics also depend on the total tubulin concentration in the cell. The correlation of total tubulin concentration and MTformation has been studied in vivo in the yeast Saccharomyces cerevisiae that possesses only one essential a and one /3-tubulin gene (6, 32) . The critical concentration for yeast tubulin polymerization is significantly lower than that for brain tubulin, and the dynamic properties of MTsin Saccharomycescerevisiae reflect the particular requirements of the yeast cell (9) . Consequently, the yeast cell is sensitive to the tubulin gene dosage and excess tubulin is lethal to the cell (7, 17) .
While the individual overexpression of /5-tubulin is toxic to the cells, the overexpression of a-tubulin has little effect on viability (6, 7) . Whenan excess of /3-tubulin over a-tubulin is produced in yeast, MTs disassemble a short time after the induction of /3-tubulin overexpression (17) . The simultaneous overexpression of a and /3-tubulin partially compensates the lethality caused by the overexpression of /3-tubulin. A similar compensationof the excess /3-tubulin can be observed with the overexpression of RBL2,encoding a protein involved in tubulin folding rather than in polymer assembly (2 Here we report that the overexpression of MHP1results in cell cycle arrest during G2 and inhibition of the formation of mitotic MTs, presumably due to the hyperstabilization of interphase MTs. We have also studied MHP1 overexpression in cells that simultaneously overexpress both a and /3-tubulin or either a and /3-tubulin individually, and we demonstrate that Mhplp not only stabilizes preformed MTs but promotes the formation of excess MTfibers under conditions of elevated tubulin expression.
MATERIALS AND METHODS
Construction of overexpression plasmids and strains MHP1overexpression strain Y509 was described previously (14) . The YEP-MHP1plasmid carrying the URA3+marker was transformed into FLT12 cells (6) which contain TUB1 and TUB2 on sl 2ft plasmid with the selectable marker LEU1+. Leu+, ura+ transformants FLT13 were selected and analyzed for protein expression from the three genes. FLT12 cells were grown similarly but selection was for leu+ only.
Y509 cells were grown continuously in ura~medium for
Western blot analyses of protein extracts and immunofruorescence analyses. FUT1and FLT2 cells that express TUB1or TUB25respectively, under the control of the GAL10promot-er, were transformed with YEP-MHP1 and designated FUT4 and FLT4, respectively.
Immunofluorescence microscopy Y509 cells were grown for two to three days in selective medium to reach an OD600 of 0.5. FLT12 and FLT13 cells were grown overnight in glucose containing selective medium, centrifuged and resuspended in galactose containing selective medium.Yeast cells were harvested for immunofluorescence, fixed and digested as described (18 The cell lysates were centrifuged and the total protein concentrations of the soluble fractions were measured. Samples were supplemented with sample buff-er and prepared for analysis on 7.5% PAGE. Western blots were performed as described (26) and probed with anti-a-tubulin YOL1/34 and anti-/3-tubulin (Boehringer) antibodies in a 1 to 200 and 1 to 500 dilution, respectively. Anti-MHPl antibody, DIK, was a polyclonal antibody generated against a 20-merat position 1180 on the MHP1sequence and was used in a 1:500 dilution.
RESULTS
Overexpression of MHP1hyperstabilizes MTsand inhibits entry into mitosis The overexpression of MHP1leads to reduced growth and to the formation of long and bundled MTs in interphase cells (14) . In order to characterize the phenotype more fully, asynchronously growing Y509 cells ( Source Bollag et al., 1990 . (6) This study Bollag et al, 1990 . (6) This study Bollag et al, 1990 . (6) This study
Irminger-Finger et al , 1996 (14) pies demonstrated that the larger cells were 4n, the smaller cells 2n ( Mutual compensation of the overexpression of MHP1 and a and /9-tubulin To further explore the role of Mhplp in MTformation, we analyzed the cellular function of MHP1 under conditions of increased tubulin concentrations. Simultaneous overexpression of the a and /3-tubulin genes, TUB1and TUB2, was established in the yeast strain FLT12 (Table I) , overexpressing TUB1 and TUB2 under the control of the induceable GAL10 promoter.
FLT12 was transformed with a 2 // plasmid YEP-MHP containing the entire MHP1gene, for the constitutive overexpression of MHP1, generating FLT13 cells (Table I ). The MT phenotypes of FLT12 and FLT13 cells were analyzed by immunofluorescence at various time points after the induction of tubulin overexpression in the presence of galactose.
In FLT12cells the excess tubulin was either localized to or around the nucleus or in a few cases in the nucleus and the cytoplasm during the first hours of tubulin overexpression ( Fig In contrast to the results obtained with FLT12cells, FLT13 cells exhibited normal cytoplasmic MTs after 4 hours of induction of the overexpression of the TUB1 and TUB2 genes (Fig. 2B) . The specific MT phenotypes of MHP1overexpression, as well as of a and /3-tubulin overexpression, were suppressed at that time. FACS profiles of FLT12 and FLT13 cells grown in galactose for ten hours were comparable to the wild type cells Y501 with one single peak for 2n DNAcontent (data not shown). These results indicate that the over- normal cytoplasmic MTs, and long MT fibers. The percentages of cells belonging to a class of a specific MT phenotype were plotted for each time point after induction and the number of DAPI-stained cells was defined as the total number of cells (Fig. 3) . From the comparison of the MTphenotypes in FLT12 and FLT13cells at different time points after the induction of tubulin overproduction (Fig. 3) , it could be concluded that Mhplp promotes the formation of excess 
MTstabilization leads to increased total tubulin concentrations
Since FLT13 cells contained more frequently long MT fibers than FLT12cells, when grown in galactose, it was of interest to test whether the total amount of tubulin was also increased in FLT13cells. The tubulin concen- (Fig. 4A) . The concentrations of both a-and /3-tubulin were twice as high in tubulin overproducing FLT12 cells (after 6 hours of induction) than in Y501 or Y509 cells. However, the tubulin concentrations in FLT13cells, grown under the same conditions, were at least three-fold increased above wild type levels (Fig. 4A) . In comparison, the concentration of Mhplp was two-fold increased in Y509 and FLT13 cells that overexpress MHP1,as estimated from the intensities of the Mhplp double bands recognized with anti-MHPl antibodies (Fig. 4B) . The increase in the tubulin overall concentration, after inducing tubulin overexpression, was faster in FLT13 than in FLT12 cells, leading to the same level of tubulin concentrations after approximately 12 hours of induction in FLT13 cells, as was reached after approximately 24 hours in FLT12cells (Fig. 4C ). This result is consistent with the observations madeby immunofluorescence analyses ( Fig. 2) and indicates that increased MTpolymerization reflects the increased overall tubulin concentration.
Individual overexpression of a or^-tubulin is not compensated by the overexpression of MHP1 In order to distinguish whether Mhplp interacts with MTsby binding to a or /3-tubulin, we tested whether the overexpression of MHP1could modify the phenotype induced by the overexpression of a or /3-tubulin individually. The formation of filaments composed of /3-tubulin in a small portion of cells surviving the overexpression of /3-tubulin has been described (6, 32) . It was possible that overproduction of Mhplp facilitated the formation or stabilization of filaments composedof /3-tubulin in a similar way as it promoted the formation of MTsin FLT13 cells overproducing a-and /3-tubulin. FLT2 cells overexpressing TUB2under the induceable GAL10 promoter (Table I) , were transformed with the 2 fi plasmid YEP-MHP for constitutive overexpression of MHP1, generating FLT4 (Table I ). The MT phenotype of FLT4 was indistinguishable from the phenotype of FLT2, when grown in galactose, and no increase in the number of cells containing /3-tubulin filaments could be observed (Fig. 5A) . Comparison of DAPI staining and anti-tubulin staining in FLT2 cells revealed that no MTscould be detected in 58%of the cells (Fig. 5A ), presumably as a result of the /3-tubulin overproduction that leading to MTdisassembly (32) . In contrast, the portion of cells without tubulin staining was less than 4% in FLT4 cells, indicating that MHP1 overexpression counteracts the reported MTdisassembly in /3-tubulin overexpressing cells.
To determine the effect of the simultaneous overexpression of MHP1and the a-tubulin gene, FUT1cells (Table I) containing the TUB1gene under the control of the induceable GAL10promoter on a multicopy plasmid, were transformed with the plasmid YEP-MHP, generating FUT4 cells (Table I ). The simultaneous overexpression of MHP1and a-tubulin did not result in a different phenotype than the overexpression of a-tubulin by itself (Fig. 5B) . In both FUT1 and FUT4 cells normal cytoplasmic MTstaining was observed. MTs were weakly stained with anti-a-tubulin antibodies in FUT1and slightly longer and thicker MTfibers could be observed in FUT4 cells (Fig. 5B) , consistent with the phenotype of the MHP1overexpression in cells with wild type tubulin expression. These data suggest that
Mhplppromotes the formation of MTsconsisting of aand /3-tubulin dimers, but does not increase the formation of MTsconsisting of /3-tubulin polymers.
DISCUSSION
It has been shownpreviously that MAPspromote overall MTgrowth by influencing growing and shrinking rates as well as the frequency of rescue and catastrophe (10, 15, 20, 28) . MAPdepletion experiments, on the contrary, did not influence the dynamic instability of MTs (5) (29, 30) . Supposedly, the role of MAPs during mitosis is to favor MT destabilization after their cell cycle dependent phosphorylation.
Indeed, ubiquitously expressedMAPs such as MAP4andXMAP (1, 15, 25, 31) are phosphorylated during mitosis by mitotic kinases such as p34/cdc2. The specificity of MTdynamics in mitotic cells has not been studied in Saccharomycescerevisiae, but the in vitro dynamics of yeast tubulin are different from brain tubulin (9), and reflect the different requirement of the yeast cell with a lower tubulin content than found in cells from higher eucaryotes, (Fig. 4A and B) . MHP1was co-overexpressed either with a or with /3-tubulin individually, since it was possible that Mhplp interacted with the MT-like fibers composed of /3-tubulin and facilitated their formation. However, increased levels of Mhplp did not promote the formation of fibers composed of /3-tubulin and no differences in the MTphenotypes could be observed in cells overexpressing /3-tubulin (FLT2), or /3-tubulin and MHP1(FLT4), neither when stained with anti-/3-tubulin nor with antia-tubulin antibodies. However, Mhplp seems to increase the stability of preexisting MTs, since the number of cells with disassembled MTswas reduced in FLT4 cells (Fig. 5A) (27) . Future research will focus on the analysis of specific MHP1 mutants that lack their ability to promote MTformation in wild type yeast cells and in cells with increased tubulin concentrations. This approach should lead to the identification of phosphorylation sites on Mhplp that are essential for the progression into mitosis. Other possible applications will be testing the function of MAPsfrom higher eucaryotes in MTassembly in vivo, in the background of the tubulin overproducing FLT12 cells.
